The development of environmentally friendly sorbents with a high adsorption capacity is an essential problem in the removal of heavy metals from drinking water. In this study, magnetic gelatin was prepared using transglutaminase as a cross-linker, which could only catalyze an acyl-transfer reaction between lysine and glutamine residues of the gelatin and not affect other amino groups. Therefore, it was beneficial for the further modification based on the amino groups, and did not affect the spatial structure of gelatin, which can effectively prevent the embedding of active sites in the polymer matrix. After modification with the chitosan/polyethylenimine copolymers, the numbers of amino groups was greatly increased, and the magnetic composites exhibited a high adsorption capacity, excellent water compatibility and simple magnetic separation. The adsorption capacities of lead and cadmium were 341 mg g −1 and 321 mg g −1 , respectively, which could be used for the removal of metal ions in drinking water.
Numerous health-related pollution incidents, especially for the heavy metal pollution, have raised public concern in the world due to their toxicity, persistence and bio-accumulative nature. Long-term consumption of drinking water containing heavy metals can result in serious health threat, such as neurological, cardiovascular, renal, gastrointestinal, haematological and reproductive effects 1 . The current regulatory limits of the U.S. environmental protection agency (EPA) for lead (Pb) and cadmium (Cd) are 15 ng mL −1 and 5 ng mL −1 in drinking water, respectively; whereas the WHO sets a lower limit of 10 ng mL −1 for Pb(II) ions. The U.S. EPA classified Cd as a human carcinogen at low levels of exposure. Levallois reported that the pipe materials and fittings in contact with drinking water are important sources of lead exposure 2 . To date, there is no risk-free level of exposure to lead that has been found. Although children with blood lead level < 10 μ g dL −1 are not be identified as "lead poisoning", low-level environmental exposure (< 7.5 μ g dL −1 ) is still linked to substantial neuro-behavioral problems in children 3, 4 . Therefore, an efficient, cost-effective, and practical technology is urgent for the decontamination of water without endangering human health.
Great efforts have been made to explore various water treatment techniques to remove heavy metals, such as adsorption, chemical precipitation, membrane separation and electrochemical technologies. In these strategies, adsorption offers flexibility in its operation and a low operating cost. However, the removal efficiencies of heavy metals were in the range of 6-35% by using most commercial water purifiers. Thus, various sorbents, such as carbon-based materials (activated carbon 5, 6 , carbon nanotubes 7, 8 and graphene 9 ), nanosized metal oxides (manganese oxides 10, 11 ) and chitosan composites, are all considered in the literatures to be promising choices for the effective adsorption of heavy metals. Although the large surface areas of these nanomaterials lead to high adsorption capacities, the difficulty of recovering the materials and the high pressure of the packed column are inevitable. Furthermore, it is important to consider that trace residual carbon-based materials in drinking water are toxic and may become a new class of hazardous pollutants to threat public health 12, 13 . Khan suggested that residual manganese in drinking water is a potential threat to children's health 14 . Thus, chitosan or gelatin materials are considered to be promising choices for effective removing heavy metals from drinking water 15 . Unfortunately, the application of chitosan materials was unsatisfactory due to poor solubility and pKa value (about 6.3-6.4).
Gelatin is a traditional water-soluble biopolymer with the distinctive advantages of nontoxicity, biodegradability, and low cost, and it can act as a sorbent to form complexes with metal ions 16, 17 . However, the amino groups of gelatin (or chitosan) can not only be used as the crosslinking groups to maintain the mechanical stability but also as the main recognition sites to guarantee the removal efficiency of the sorbents. The results of Gyananath and Balhal also verify the effect of the cross-linker on the removal efficiency of Pb(II) using chitosan materials. The adsorption capacity was 39.42 mg g −1 on the chitosan beads cross-linked, which was much lower than that without cross-linking (72.89 mg g . It is shown that the adsorption capacity of sorbents prepared by gelatin or chitosan as a monomer is low, which restricts its practical application, especially for the removal of heavy metals with low concentrations in drinking water. Furthermore, conventionally used cross-linkers were carbodiimides, polyepoxy compounds and aldehydes. The main shortcoming was the toxic effects caused by residual cross-linker 19 . Transglutaminase (TGases) can be used to catalyze an acyl-transfer reaction between the ε -amino groups (lysine residues) and γ -carboxamide groups (glutamine residues), resulting in the formation of ε -( γ -glutamyl) lysine isopeptide bonds 20 . The TGase is environmental friendly and the cross linking procedure is only performed between Lys and Gln without involving other amino acid. Therefore, while maintaining the mechanical stability, lots of amino groups remained for the highly efficient adsorption of heavy metals.
In this study, magnetic gelatin was prepared in an easy and effective way using TGases as a cross linker, and it exhibited a high adsorption capacity, good dispersion and high magnetization. To further improve the adsorption capacity and the mechanical stability, chitosan grafted polyethylenimine (PEI) cationic copolymers are synthesized and then grafted onto the surface of magnetic gelatin. Subsequently, it was used as a sorbent to remove heavy metals from drinking water at a low initial concentration and the removal properties were evaluated through the adsorption isotherm and adsorption kinetics. The results indicated that the magnetic composites have a wide range of applications in water purification treatment.
Results and Discussion
Preparation and characterizations of chitosan/PEI-grafted magnetic gelatin. In this study, preparation of the chitosan/PEI-grafted magnetic gelatin is shown in Fig. 1 . Although nanomaterials exhibited excellent adsorption performance, the difficulty of recovering materials and high pressure of packed columns were inevitable, which would affect its practical application in the removal of heavy metals. Therefore, considerable attention has been paid to magnetic nanomaterials for their fast and feasible separation. First, magnetic gelatin was prepared by an easy and effective method. Because gelatin had a net negative surface charge in an ammonia solution, the iron ions could be distributed in the gelatin by electrostatic interactions and then formed the iron oxide nanoparticles in a basic solution at a high temperature. After magnetic separation, the magnetic gelatin was further cross-linked by TGase to maintain its mechanical stability. Compared with other cross-linkers, the most important property of TGase in this study was the substrate specificity (Lys-Gln). Therefore, lots of amino groups could be remained for further modification and removal of heavy metals in drinking water 20 . The cross-linking mechanism is shown in Fig. S1 (Supporting Information).
Subsequently, chitosan/PEI cationic copolymers were synthesized and modified onto the surface of the magnetic composite to further improve the adsorption capacity. Periodate oxidation was beneficial for the flexibility and solubility of chitosan. PEI was grafted onto chitosan to form a cationic copolymer, which could further improve adsorption capacity of the resulting polymer and its stability in strong alkaline or acidic solution. The grafted efficiency of PEI in the cationic copolymers was about 38.7%, based on the evaluated results of 2,4,6-trinitrobenzenesulfonic acid reaction 21 . In Fig. S2 , chitosan was oxidatively cleaved and a new peak was appeared at 2.9 ppm, corresponding to the formation of chitosan/PEI copolymer (Supporting Information).
In this study, 3,3′ -dithiodipropionic acid with two carboxylic groups (-COOH) was grafted to the magnetic gelatin due to the reaction between the carboxylic groups and the amino groups of gelatin. The degree of amino substitution was determined by the 2,4,6-trinitrobenzenesulfonic acid reaction to study the grafted efficiency and it was about 79.4%. Thus, the surface of magnetic gelatin possessed abundant carboxylic groups. Then, chitosan-PEI cationic copolymers were further modified on the magnetic gelatin using EDC/NHS coupling to obtain the target product chitosan/PEI-grafted magnetic gelatin and the number of amino groups was significantly increased. The amino groups played a primary role to remove the heavy metals in neutral solutions (drinking water) due to the formation of chelation complexes. Thus, transglutaminase as a cross-linker and the further modification of cationic copolymers were used to improve the number of amino groups and enhance the removal efficiency. Furthermore, the gelatin could also form complexes with metal ions through various side groups such as imidazole and thiol. Figure S3 (Supporting Information) shows the sizes and morphologies of the magnetic gelatin and chitosan/ PEI-grafted magnetic gelatin. From the TEM images, we can see that the magnetic gelatin was homogeneously dispersed with a mean diameter of 15 nm. After being grafted with chitosan/PEI cationic copolymers, the magnetic gelatin formed a monolayer sheet structure with a mean diameter of 500 nm. The results indicated that there was a cross-linking between one chitosan/PEI copolymer (-NH 3 ) and multiple magnetic gelatin particles (-COOH). However this procedure was only performed in a plane due to the repulsion between positively charged amino groups. To verify the combination of magnetic composites, FTIR spectra were collected as shown in . The broad band due to C-H stretching vibrations occurred in the region from 2700 to 3000 cm −1 , C= O stretching occurred at 1775 cm −1 and new peaks appeared at 1461, 1384, and 842 cm −1 , which were attributed to the -CH 2 CH 2 NH-moiety, indicating that chitosan/PEI cationic copolymers were successfully grafted on the surface of magnetic gelatin 15 . Thermogravimetric analysis (TGA) was employed to study the thermal stability of magnetic composite (Fig. 2b) . As shown in the TG plot, the magnetic composite supported a 3.8% weight loss at approximately 35-100 °C, which was ascribed to the removal of physically adsorbed water. During the heating procedure from 110 to 550 °C, the decrease in the weight of the magnetic gelatin was approximately 15.7%, which demonstrated the content of the gelatin coating. For the magnetic composite, there were two different types of TG curves in the 110-550 °C regions, implying the degradation of chitosan/PEI copolymer and gelatin, respectively. In the DTA plot of the magnetic composites, exothermic peaks (286 and 353 °C) were shifted to 325 and 382 °C, respectively, and a new peak was observed at 510 °C, implying the formation of chitosan/PEI-grafted magnetic gelatin.
X-ray diffraction (XRD) pattern in the 2θ range of 20-80° were used to study the effect of modification procedure on the magnetism (Fig. 2c) . Six characteristic peaks were showed for ) was lower than that of magnetic gelatin (60 emu g −1 ). This feature provided an easy and efficient avenue for recovering the magnetic composites from aqueous solution under an external magnetic field. Furthermore, further studies are being undertaken by employing electromagnetic induction system to control the recovering of the magnetic composite and its application in the water purifiers. The above results indicated that chitosan/PEI-grafted magnetic gelatin with a high adsorption capacity and saturation magnetization has been formed in this study.
Binding studies of the chitosan/PEI-grafted magnetic gelatin. The adsorption capacity is the essential property of magnetic composite as sorbents in the removal of heavy metals. To verify the novelty of the magnetic sorbents, magnetic gelatin was prepared using glutaraldehyde, genipin and TGase as the cross linkers, respectively. It is shown in Fig. 3a that the adsorption capacity of magnetic gelatin using genipin as the cross-linker was the same as that using TGase as the cross linker at low concentrations. However, the adsorption capacity of magnetic gelatin using genipin as the cross-linker showed a significant decrease at high concentration. The reason is that the intramolecular or intermolecular covalent bonds were formed and the polymer network density was increased with the increase of cross-linker. Thus, many active sites were easily embedded in the polymer matrix, which can decrease the adsorption capacity of sorbents. Due to the substrate specificity, cross-linking by enzymes could remain many of the amino groups and spatial structure of gelatin molecule, which was beneficial for the exposure of active sites and the further modification. After grafting with chitosan/PEI cationic copolymers, the adsorption capacity of the magnetic composite was greatly enhanced (66.1 mg g −1 and 65.2 mg g −1 ) (Fig. 3b) . Furthermore, microbial TGase is environmentally friendly, available in large quantities and easier to handle, which has stimulated research on it for a variety of applications, especially in the food industry 20 . The 2,4,6-trinitrobenzenesulfonic acid reaction was also used to study the change of amino groups. It was shown that the amino groups of magnetic gelatin using transglutaminase as a cross-linker was 0.031 mmol g −1 , which was more than that of magnetic gelatin using genipin as a cross-linker (0.014 mmol g −1 ). After grafting of chitosan-PEI cationic copolymers, the amino groups were increased to 0.117 mmol g −1 . It was shown transglutaminase as a cross-linker and the modification of cationic copolymers were proposed to increase the number of amino groups and then improve the removal efficiency of sorbents.
The removal efficiency at a low concentration is the essential for the purification of drinking water using magnetic composites. In general, the concentration of heavy metals is no more than 200 ng mL −1 in real drinking water. Therefore, 10 mg of magnetic composite was mixed with a heavy metal solution and the initial concentration was fixed at 200 ng mL (Fig. 4) . It was shown that chitosan/ PEI-grafted magnetic gelatin could be used to remove heavy metals in different drinking water by adjusting the amount of magnetic composite. Furthermore, the adsorption isotherms can be used to study how heavy metals interact with the chitosan/ PEI-grafted magnetic gelatin. The values of these parameters are summarized in Table 1 . The experimental data were good fit with the Langmuir model, which showed that the binding of heavy metals on the magnetic composites was controlled monolayer adsorption. The Q max values of the PEI-grafted gelatin sponge were 341 mg g −1 for Pb(II) and 321 mg g −1 for Cd(II), respectively. Furthermore, the essential characteristics of the Langmuir model, named as equilibrium parameter (R L ), was further studied. The equilibrium parameters for both of the test ions on the magnetic composite were in the range of 0.42-0.52, which showed that the experimental conditions were favorable for the adsorption of heavy metals.
The adsorption kinetics is very important characterization for the application of chitosan/PEI-grafted magnetic gelatin. It can be seen from Fig. 5 that the magnetic composites provided the rapid adsorption of heavy metals (45 min), because of the large surface area of the nanomaterials with the monolayer structure. The mechanism of the adsorption kinetics was further investigated by different models and the results are shown in Table 2 .
The calculated values of the adsorption capacity (Q e,calc ) were the same as the experimental values (Q e,exp ) and the correlation coefficients (R 2 ) of the pseudo-second-order kinetic equation were all above 0.995. Thus, the adsorption of heavy metals on the magnetic composite met the pseudo-second-order kinetic model, which was the rate-limiting step of the adsorption process 10 . As seen in Table S1 (Supporting Information), the adsorption capacities of the sorbents using chitosan or gelatin as the monomer were low, and the commonly used cross-linker was glutaraldehyde. Thus, these sorbents cannot be used to remove heavy metals from drinking water because of the low adsorption capacities and the toxicity of glutaraldehyde. The above results indicated that the high adsorption capacity, modification of the cationic copolymer and rapid magnetic separation of the magnetic composite were in favor of a high adsorption capacity and mass transfer.
Effects of the experimental conditions on the removal of heavy metals.
Due to the complexity and variability of natural drinking water, it is highly important to investigate the adsorption capabilities of chitosan/PEI-grafted magnetic gelatin under various experimental conditions. First, the pH value affected not only the forms of heavy metals in aqueous solution, but also the charge characteristics of the functional groups. Thus, the pH value of heavy metal solution was the key factor for the removal efficiency of sorbents. As shown in Fig. S4 (Supporting Information), the adsorption capacities showed maximums when the pH value was changed from 6.0 to 7.0, with a decrease at lower and higher pH values. Large amounts of H + in acid solution could compete with the target ions to decrease the adsorption capacity of magnetic composites, while hydroxide in basic solution can precipitate metal ions 23 . Because the pH values of practical drinking water were changed to be in the pH range of 6.5 to 7.5, real water samples could be directly mixed with the magnetic composites to remove heavy metals.
The effect of temperature on the removal efficiency of chitosan/PEI-grafted magnetic gelatin was studied in this study. We tried to investigate the temperature of water purification in spring/autumn (277 K), winter (293 K) and summer (303 K) and thermodynamic parameters were calculated, such as the enthalpy (Δ H°), entropy (Δ S°) and Gibbs energy (Δ G°, Table 3 ) 24 . The negative values of Δ G° suggested that the adsorption of heavy metals was a thermodynamically favorable binding procedure in the studied range of 277-303 K. The positive values of Δ S° indicated that the increase of the randomness at the solid-liquid interface. The positive values of Δ H° demonstrated the heavy metals adsorption onto magnetic composites is endothermic in nature. These parameters could be used to provide practical guidance for the application of magnetic composites.
The active sites of magnetic composites can also be used to adsorb the common ions in drinking water, which would decrease the practical value of sorbents (Fig. 6) . Therefore, we further investigated the effect of interference ions on the removal efficiency, such as monovalent cations (Na + ), divalent cations (Ca 2+ as a water hardness index) and anions (F − , Cl − , NO 3 − , SO 4 2− , ClO 2 − and HPO 4 − ). The influence of ClO 2 − was especially important, because sodium hypochlorite often consumed in the drinking water treatment, and the chlorine demand was found to be approximately 0.5 mg L −1 25 . The results indicated that Ca 2+ led to decreased trend of the removal efficiency of heavy metals, due to different electric charges and hydration energies 10 . For the coexisting anions, ClO 2 − also exhibited a prominent effect on the removal performance of magnetic composite, which might compete with the cationic charges of PEI/chitosan cationic copolymers and then decrease the active sites of the magnetic composite. It is interesting to note that chitosan and PEI has been known for their antibacterial activity against a wide range of microorganisms 26, 27 . Thus, the amount of sodium hypochlorite could be decreased due to the antibacterial effectiveness of magnetic composites. This property was beneficial for the practical application of sorbents while decreasing the highly toxic chlorination disinfection byproducts in drinking water.
Stability and regeneration.
In the practical application of magnetic composites, the stability and reuse are economic necessity. The chitosan/PEI-grafted magnetic gelatin was stored in aqueous solution at room temperature when not in use. The adsorption capacity was not changed under the same operational condition after 30 d of storage, demonstrating the excellent stability over time. Since the adsorption of heavy metals on the sorbent was a reversible process, the magnetic composite could be introduced into the heavy metals solutions and then taken out for regeneration using an acetic acid solution (0.1 mmol L −1 ). Although the efficiency decreased with an increasing number of cycles, over 89% of efficiency was obtained in the fifth adsorption-desorption cycles, demonstrating that the magnetic composites was cost-effective (Fig. S5, Supporting Information) . After five cycles, the magnetic intensity did not decrease and the magnetic composites could be rapidly separated from solution. In addition, there was no leaching of iron ions from the composite into the solution phase, implying that the dissolution of the magnetic core under the stated experimental conditions was negligible.
Conclusion
By using TGase as a cross linker, chitosan/PEI-grafted magnetic gelatin was prepared to remove heavy metals from drinking water. Due to the substrate specificity, cross-linking by enzymes could remain many of the amino groups needed for removal of the heavy metals in water. After further modification with chitosan-PEI cationic copolymers, the number of amino groups was greatly increased and the adsorption capacity was enhanced. Meanwhile, this material was an environmental friendly sorbent with magnetic susceptibility and excellent water compatibility. It is expected that chitosan/PEI-grafted magnetic gelatin has broad applications for the removal of heavy metals.
Methods
Synthesis of magnetic gelatin. Gelatin solution (60 mg mL −1 ) was prepared by swelling gelatin powder in an aqueous solution and dissolving at 55 °C. Then, 1.3 g of anhydrous ferric chloride and 0.75 g of ferrous sulfate were added. Five milliliters of ammonia solution was added dropwise into the solution. After 6 h, the resulting particles were magnetically collected and then washed with distilled water and ethanol, respectively. After dispersion in an aqueous solution, 25 mg of TGase was introduced to the mixture and the reaction was performed at room temperature for 8 h. Finally, the magnetic gelatin was magnetically collected, washed with distilled water, and then dried in a vacuum oven.
Synthesis of chitosan/PEI-grafted magnetic gelatin. Preparation of chitosan/PEI-grafted magnetic gelatin is shown in Fig. 1 . Chitosan was firstly oxidized by potassium periodate to obtain the dialdehyde chitosan, which was prepared based on the literature with a slight modification 28 . Briefly, chitosan was dissolved in acetic acid (0.2 mol L −1 ) to a final concentration of 60 mg mL −1 . Then, 0.49 mg of potassium periodate was added into the mixture with continuous stirring in the dark for 24 h. After adjusting the pH value to 7.5, the resulting product was purified by extensive dialysis (molecular weight cut-off, MWCO 10,000) against deionized water for 4 days.
Subsequently, a cationic copolymer was synthesized based on a reductive amination reaction between PEI and chitosan. Fifty-six milligrams of dialdehyde chitosan was dissolved in 5 mL of water and then slowly added into 0.1 mol L −1 of borate buffer (pH = 11) spiked with 450 mg of PEI. After incubation for 24 h, 30 mg of NaBH 4 was added and the resulting solution was further incubated for 48 h. The reduction could be repeated several times until the resulting solution became yellow, followed by extensive dialysis (MWCO 5,000) against deionized water for 2 days. After filtering, the product was obtained by using freeze-drying technology.
Finally, chitosan/PEI cationic copolymers were grafted onto the surface of magnetic gelatin 29 .
) was prepared by using aqueous dimethylformamide and then mixed with a 0.1 mol L −1 of EDC solution. The mixture was stirred at 40 °C for 1 h and then slowly added dropwise into the aqueous solution (pH = 5.0) containing the magnetic gelatin. After incubation at 40 °C for 24 h, the resulting product was magnetically collected and redispersed in an aqueous solution containing 0.5 mmol of chitosan/PEI cationic copolymers, 0.5 mmol EDC and 0.5 mmol NHS. The resulting solution was incubated at 40 °C for 24 h with continuous shaking. The chitosan/PEI-grafted magnetic gelatin was obtained by washing with water and magnetic separation. Adsorption Studies. Batch experiments were performed to investigate the binding behavior and the kinetics procedure of sorbents. Briefly, chitosan/PEI-grafted magnetic gelatin was added into the aqueous solutions spiked with different concentrations of heavy metal (1 to 100 mg L −1 ). After shaking at 400 rpm for 2 h, the composites were recovered by magnetic separation, and the target ion in supernatant was determined using an inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7500, Agilent, USA). Kinetic studies were the same as the adsorption experiments, except for the different time intervals.
Furthermore, the effects of the temperature, pH value and coexisting anions/cations of drinking water on the removal efficiency were studied. The removal efficiency was calculated based on the different amounts of target ions with and without the treatment of magnetic composites. The pH values were changed from 4.0 to 10.0 and the temperature were set at 277 K, 293 K and 303 K, which were the same as the environmental temperatures in spring/autumn, winter and summer, respectively. Moreover, based on the regulatory limits of drinking water standards of China (2006), the concentration of cations (Na + and Ca + ) was 450 μ g mL −1 , ClO 2 − was 0.7 μ g mL
and another anions (Cl − , F − , SO 4 2− , NO 3 − and HPO 4 − ) were 250 μ g mL −1 . For regeneration, the particles were eluted by 10 mL of HCl solution (10 mmol L −1 ) and then washed with water. Regenerated magnetic composites were used for adsorption in successive cycles.
